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LOW-RATE  COMBUSTION  IN  FUEL  BEDS  OF  HAND-FIRED 

FURNACES. 


By  Henry  Kreisinger,  C.  E.  Augustine,  and  S.  H.  Katz. 

INTRODUCTION. 

This  paper  presents  the  results  of  a  study  of  the  processes  of 
combustion  in  the  fuel  bed  of  hand-fired  furnaces  when  burning  coal 
at  such  low  rates  of  combustion  as  are  used  in  house-heating  appara- 
tus. The  study  is  an  extension  of  the  work  reported  in  Technical 
Paper  137a  which  covers  the  higher  rates  of  combustion,  such  as  are 
used  in  burning  coal  under  power  plant  and  locomotive  boilers. 
That  report  deals  with  rates  of  combustion  of  20  to  180  pounds  of  coal 
per  square  foot  of  grate  per  hour,  whereas  this  paper  covers  the  rates 
below  20  pounds.  The  same  apparatus  and  largely  the  same  methods 
were  used  as  in  making  the  experiments  with  high  rates  of  combus- 
tion. Therefore  only  the  most  important  features  of  these  are  de- 
scribed in  this  paper;  for  fuller  details  the  reader  is  referred  to  the 

report  mentioned. 
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COMBUSTION  OF  COAL. 

Iii  a  hand-fired  furnace  about  one-half  of  the  combustion  takes 
place  in  the  fuel  bed,  and  one-half  in  the  combustion  space.  The 
burning  fuel  bed  acts  principally  as  a  gas  producer  and  a  gas  retort; 
in  it  the  solid  fuel  is  gasified  by  the  partial  combustion  of  the  fixed 
carbon  and  by  the  distillation  of  the  volatile  matter.  The  gases 
rising  from  the  fuel  bed  contain  at  times  as  much  as  32  per  cent 
combustible,  and  no  free  oxygen  to  burn  it.  Hence,  to  burn  these 
gases,  air  must  be  admitted  over  the  fuel  bed  and  mixed  with  the 
combustible,  and  the  mixture  burned  in  the  combustion  space. 

Of  the  air  necessary  for  complete  combustion  of  the  fuel  only 
about  one-half  can  be  supplied  through  the  grate;  the  other  half 
must  be  supplied  above  the  fuel  bed.  If  attempt  is  made  to  force 
more  than  this  amount  of  air  through  the  grate,  only  the  rate  of 

a  Kreisinger,  Henry,  <>vitz,  l\  K.,  and  Augustine,  C.  E.,  Combustion  in  th<>  foe!  bed  of  hand-fired  fur- 
naces, 1916,  76  pp. 
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gasification  of  coal  in  the  fuel  bed  is  increased,  while  the  degree  of 
completeness  of  combustion  as  indicated  by  the  composition  of  the 
gases  leaving  the  fuel  bed  remains  the  same.  The  combustion  can 
be  completed  only  in  the  combustion  space  by  adding  enough  air 
over  the  fuel  bed  and  mixing  it  with  the  combustible.  In  other 
words,  the  processes  in  the  fuel  bed  determine  the  rate  and  the 
processes  in  the  combustion  space  the  completeness  of  the  combus- 
tion. In  a  general  way,  it  can  be  said  that  in  burning  coal  one-half 
of  the  combustion  takes  place  in  the  fuel  bed  and  one-half  in  the 
combustion  space. 

The  preceding  statement  holds  good  for  bituminous  coal,  anthra- 
cite, and  coke,  burned  at  ordinary  and  high  rates  of  combustion. 
For  low  rates  of  combustion  such  as  are  frequently  used  in  house- 
heating  furnaces  the  process  of  combustion  in  the  fuel  bed  is  some- 
what more  complete  and  the  gases  rising  from  the  fuel  bed  contain 
smaller  percentages  of  combustible  gases. 

SCOPE  OF  EXPERIMENTS. 

In  this  paper  are  given  the  description  and  the  results  of  a  series 
of  tests  made  in  an  experimental  hand-fired  furnace.  The  tests  were 
divided  into  three  groups  according  to  the  method  of  charging  the 
fuel  and  of  feeding  the  air  under  the  grate. 

In  the  tests  of  the  first  group  air  was  fed  under  the  grate  at  a 
uniform  rate,  and  the  fuel  was  charged  in  small  quantities  at  short 
intervals  as  is  done  in  firing  coal  under  power-plant  boilers.  The 
object  of  charging  the  fuel  in  this  way  was  to  make  tests  at  low  rates 
of  combustion  comparable  with  those  made  at  high  rates  and  reported 
in  Technical  Paper  137a.  The  rates  of  combustion  used  in  these 
tests  were  10,6,  and  3  pounds  of  fuel  per  square  foot  of  grate  per  hour. 
Two  nearly  constant  thicknesses  of  fuel  bed,  6  and  12  inches,  were 
used  for  each  rate  of  combustion.  The  fuels  used  were  Pittsburgh 
coal,  anthracite,  metallurgical  coke,  and  semicoke. 

The  tests  of  the  second  group  were  made  under  similar  conditions 
as  regards  feeding  of  air,  but  the  fuel  was  charged  in  large  quantities 
at  long  intervals  to  simulate  the  feeding  of  coal  in  house-heating  appa- 
ratus. On  account  of  the  large  charges  the  thickness  of  the  fuel 
bed  could  not  be  kept  constant,  but  varied  from  12  to  6  inches.  The 
tests  were  made  at  rates  of  combustion  of  10,  6,  and  3  pounds  of  fuel 
per  hour,  and  with  Pittsburgh  coal  only.  Special  attention  was 
given  to  the  distillation  of  volatile  matter,  and  the  changes  in  the 
condition  of  the  fuel  bed  during  the  long  firing  cycles. 

In  the  tests  of  the  third  group  all  access  of  air  through  the  grate  was 
completely  shut  off,  the  object  being  to  determine  whether  the  fire 

a  Kreisinger,  Henry,  Ovitz,  F.  K.,  and  Augustine,  C.  E.,  Combustion  in  the  fuel  bod  of  hand-fired 
furnaces,  1916,  76  pp. 
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can  be  kept  burning  for  any  length  of  time  when  the  ash  pit  is  tightly 
closed,  and  under  what  conditions  the  fire  could  be  kept  over  night 
when  using  different  kinds  of  fuels.  These  tests  were  made  with 
Pittsburgh  coal,  anthracite,  and  coke,  and  with  fuel  beds  12  and  18 
inches  thick. 

The  observations  made  during  the  tests  consisted  mainly  of  analy- 
ses of  gas  samples  and  measurements  of  temperatures  at  various 
heights  in  the  fuel  bed.  The  apparatus  with  which  the  tests  were 
made  was  a  hand-fired  laboratory  furnace  having  a  grate  1  square 
foot  in  area.  This  type  of  furnace  was  selected  for  these  investiga- 
tions because  with  it  all  the  conditions  could  be  easily  controlled,  and 
the  important  observations,  such  as  the  sampling  of  the  gases  and  the 
measurement  of  temperatures,  could  be  made  accurately. 

THE  FUELS. 

All  of  the  fuels  used  in  the  tests  were  carefully  sized  by  crushing 
and  screening.  Only  the  coal  passing  over  a  1-inch  and  through  a  lh- 
inch  square  mesh  screen  was  used.  The  analyses  of  the  fuels  are 
given  in  the  following  table: 

Table  I. — Analyses  of  coals  used  in  the  tests. 


Proximate  analysis  of  coal  as  received: 

Moisture per  cent. 

Volatile  matter do... 

F  i  x  e d  car b o  n do . . . 

Ash do . . . 

Ultimate  analysis  of  dry  coal: 

Hydrogen ." per  cent. 

Carbon do... 

Nitrogen do . . . 

Oxygen do . . . 

Sulphur do... 

Ash do . . . 

Calorific  value  per  pound  as  received J  J.  t.  u 


Coke. 


1.51 

1 .  58 

8G.07 

10.84 

.51 

86.00 

1.08 

.54- 

.86 

11.01 

12,528 


Semi- 
coke. 


3.85 
10.61 
67.70 

17.84 

2.36 

72.  96 

1.83 

3.12 

1.18 

18.55 

11,378 


Anthra- 
cite. 


3.43 

5.20 

79.91 

11.46 

2.51 

82.64 

.86 

1.37 

.75 

11.87 

12,800 


Upper 
Freeport 
or  Pitts- 
burgh 
screen- 
ings. 


1.84 
35.40 
51.08 
11.68 

5.06 

74.38 

1.45 

4.78 

2.43 

11.90 

13,201 


SUMMARY  OF  RESULTS  AND  CONCLUSIONS. 

As  previously  stated,  the  fuel  bed  of  a  hand-fired  furnace  acts  prin- 
cipally as  a  gas  producer  and  gas  retort;  that  is,  the  processes  taking 
place  in  the  fuel  bed  consist  mainly  of  the  gasification  of  the  solid 
fuel.     The  oxygen  flowing  up  through  the  grate  is  all  used  as  it  passes 
through  the  first  3  or  4  inches  of  the  fuel  bed.     The  products  of  com- 
bustion in  this  part  of  the  fuel  bed  are  largely  CO.,,  and  a  smaller  par- 
age of  CO.     At  a  height  of  3  to  4  inches  from  the  grate  the  C02 
<f»n tent  of  the  gases  reaches  a  maximum  of  12  to  18  per  cent.     As 
the  C()2  passes  through  the  upper  layers  of  the  fuel  bed  it  is  reduced 
ontact  with  the  hot  coal  to  CO,  which  with  the  combust  ible  g 
40021°— 18 2 
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distilled  near  the  surface  of  the  fuel  bed  constitutes  16  to  30  per  cent 
of  the  gases  rising  from  the  fuel  bed. 

The  ratio  of  the  weight  of  air  that  can  be  supplied  through  the 
grate  to  a  pound  of  coal  gasified  remains  constant  at  about  7  to  1. 
This  ratio  holds  over  a  very  wide  range  of  rate  of  gasification.  The 
faster  the  air  is  supplied  the  faster  the  fuel  gasifies,  the  combustible 
content  of  the  gases  at  the  surface  of  the  fuel  bed  remaining  nearly 
constant.  Therefore  the  amount  of  air  supplied  through  the  grate 
determines  only  the  rate  of  combustion  and  not  its  degree  of  com- 
pleteness. The  rate  of  combustion  in  house-heating  apparatus  can 
be  regulated  only  by  control  of  the  supply  of  air  through  the  grate, 
which  is  done  largely  by  manipulating  the  damper  in  the  ash-pit  door. 

For  the  complete  combustion  of  1  pound  of  average  coal  about  14 
pounds  of  air  are  necessary;  however,  as  only  7  pounds  of  air  per 
pound  of  coal  can  be  supplied  through  the  grate,  another  7  pounds 
must  be  supplied  over  the  fuel  bed  in  order  that  the  gases  rising  from 
the  fuel  bed  may  be  completely  burned.  As,  roughly,  one-half  of 
the  combustion  process  takes  place  in  the  fuel  bed  and  one-half  in  the 
combustion  space,  the  addition  of  air  above  the  fuel  bed  for  com- 
pletely burning  the  gases  and  preventing  smoke  is  essential.  This 
additional  air  should  be  introduced  close  to  the  surface  of  the  burn- 
ing fuel  and,  if  possible,  in  many  fine  streams  to  facilitate  its  mixing 
with  the  combustible  rising  from  the  fuel  bed. 

The  process  of  combustion  in  the  fuel  bed  is  essentially  the  same 
whether  firing  is  in  small  quantities  at  short  intervals  or  in  large  quan- 
tities at  long  intervals.  During  the  distillation  period  the  percentage 
of  combustible  in  the  gases  rising  from  the  fuel  bed  is  larger  than  it  is 
after  the  volatile  matter  has  all  distilled,  because  during  this  period 
the  fuel  bed  acts  both  as  a  gas  producer  and  as  a  gas  retort,  whereas 
after  distillation  has  ceased  the  fuel  bed  acts  only  as  a  gas  producer. 
Therefore,  while  distillation  is  going  on  more  air  must  be  supplied 
over  the  fuel  bed  to  burn  the  gases  completely  than  after  distillation 
has  ceased.  This  requirement  for  a  variable  air  supply  over  the  fuel 
bed  makes  smokeless  and  economic  burning  of  soft  coal  in  hand- 
fired  furnaces  difficult.  At  low  rates  of  combustion  a  large  part  of 
the  combustible  rising  from  the  fuel  bed  is  in  the  form  of  tar  and  soot, 
which  are  difficult  to  burn  because  they  require  a  greater  concentra- 
tion of  oxygen  than  is  usually  found  in  the  furnace  gases. 

When  the  air  supply  through  the  grate  is  completely  shut  off  it  is 
very  difficult  to  keep  the  fire  going  overnight,  particularly  when  burn- 
ing anthracite  or  coke.  When  it  is  desired  to  keep  fire  with  these 
fuels  over  night,  the  fuel  bed  should  be  built  up  to  at  least  12  inches 
and  a  small  amount  of  air  must  be  admitted  through  the  grate. 
With  the  commercial  house-heating  apparatus  enough  air  to  keep 
the  fire  going  may  leak  into  the  ash  pit  when  the  ash-pit  door  is  closed. 
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Enough  air  to  maintain  combustion  will  not  enter  the  fuel  bed  from 
the  top  surface. 

As  the  gases  rising  from  the  fuel  bed  contain  a  large  percentage  of 
carbon  monoxide  (CO)  it  is  not  advisable  with  hot-air  furnaces  to 
close  entirely  the  damper  in  the  smoke  pipe,  if  there  is  one,  because4 
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the  poisonous  carbon  monoxide  may  escape  through  defective  joints 
into  the  air  jacket  and  enter  the  rooms. 

DESCRIPTION  OF  THE  APPARATUS. 

The  tests  were  made  in  a  hand-fired  laboratory  furnace  specially 
designed  for  these  investigations.     A  cross  section  of  the  furnace  and 

its  accessories  is  shown  in  figure   1.     It  consists   mainly  of  a  steel 
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cylinder  lined  with  a  layer  of  fire  brick  4^  inches  thick.  This  cylin- 
der, which  forms  the  furnace  proper,  is  set  on  an  air-tight,  rectangu- 
lar, steel  ash  box.  The  box  is  provided  with  an  air-tight  door  for 
removing  the  ashes.  The  air  supplied  through  the  grate  passes  into 
the  ash  box,  under  small  pressure,  through  the  adjoining  orifice  box, 
and  is  measured  by  means  of  the  orifice.  All  joints  on  the  apparatus 
are  air-tight. 

The  cylinder  forming  the  furnace  is  30  inches  high  and  13^  inches 
in  diameter  inside  of  the  fire-brick  lining,  making  the  grate  area  1 
square  foot.  The  grate  is  nearly  as  large  as  the  grate  in  small  house- 
heating  apparatus,  hence  the  results  obtained  with  the  experimental 
furnace  are  directly  comparable  with  those  obtained  in  commercial 
apparatus.  The  grate  is  made  in  two  parts,  and  each  of  the  halves 
can  be  rocked  independently  of  the  other.  The  air  spaces  are  one- 
half  of  an  inch  wide  and  constitute  approximately  60  per  cent  of  the 
total  grate  area. 

In  the  wall  of  the  furnace  are  five-eighth-inch  holes  for  the  inser- 
tion of  gas  samplers.  The  holes  are  spaced  H  inches  apart  in  the 
vertical  direction  and  are  distributed  radially  around  the  furnace  as 
shown  in  figure  1.  The  same  holes  were  used  for  measurements  of 
temperatures  in  the  fuel  bed.  When  the  holes  were  not  being  used 
for  the  sampling  of  gases  or  the  measuring  of  temperatures  they  were 
stopped  with  a  cap  fitted  over  the  mouth. 

The  fuel  was  charged  through  the  opening  at  the  top  of  the  furnace, 
and  through  which  the  products  of  combustion  left  the  apparatus. 

METHOD  OF  RUNNING  TESTS. 
DURATION     OF     TESTS. 

The  length  of  tests  varied  from  5  to  30  hours,  depending  on  the 
rate  of  combustion  and  the  nature  of  the  test.  The  tests  of  the  first 
and  the  second  group,  which  were  made  to  obtain  data  for  the  study  of 
processes  of  combustion  in  the  fuel  bed,  were  5  to  8  hours  long.  In  the 
tests  of  the  third  group  the  time  was  6  to  30  hours  long.  These  latter 
tests  were  made  to  determine  whether  the  fire  could  be  kept  burning 
when  the  supply  of  air  through  the  grate  was  completely  shut  off,  and 
what  were  the  conditions  necessary  to  keep  the  fire  burning  over- 
night. In  case  the  fire  went  out,  the  test  was  stopped ;  this  accounts 
for  the  shorter  tests  of  this  group. 

STARTING  AND   CLOSING  THE  TESTS. 

Before  starting  the  test,  the  fuel  bed  was  built  to  the  desired 
thickness  and  the  furnace  was  heated.  This  preparation  usually 
took  30  to  60  minutes,  during  which  period  the  fuel  was  burned  at  a 
rate  of  20  to  30  pounds  per  hour.  The  grate  was  then  shaken,  all 
the  ash  was  removed  from  the  ash  box,  and  the  test  was  started. 
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The  tests  of  the  first  and  second  group  were  closed  with  the  fuel 
bed  of  the  same  thickness  as  it  was  at  the  start.  The  grate  was  shaken 
and  the  ash  was  removed  from  the  ash  box  and  weighed.  The  fuel 
on  the  grate  was  allowed  to  burn  out  and  the  clinkers  left  on  the 
grate  were  taken  out  and  weighed.  The  tests  of  the  third  group  were 
stopped  whenever  it  was  definitely  decided  that  the  fire  had  gone 
out,  or  when,  after  24  to  30  hours,  the  fire  could  be  brought,  in  15  to 
30  minutes,  to  a  rate  of  combustion  of  10  pounds  per  hour  by  supply- 
ing sufficient  air  under  the  grate. 

MEASUREMENT   OF  AIR   SUPPLY. 

The  air  supplied  through  the  grate  was  measured  with  an  orifice 
as  the  air  was  passing  into  the  ash  box.  The  pressure  drop  through 
the  orifice  was  obtained  with  a  recording  differential  hydrogage. 
The  weight  of  air  was  computed  from  experimental  values  deter- 
mined by  Durley.a 

MEASUREMENT  OF  TEMPERATURES. 

In  the  tests  of  the  first  and  second  groups  the  temperatures  in  the 
fuel  bed  were  determined  with  an  optical  pyrometer  through  the 
holes  used  for  sampling  gases.  Before  the  measurements  were  made 
the  grate  was  shaken  to  remove  the  excess  of  ash  from  the  fuel  bed. 
The  temperature  was  measured  by  sighting  with  the  pyrometer  into 
small  tunnels  made  in  the  fuel  bed  with  a  rod.  To  prevent  the  gases 
from  flowing  out  of  the  furnace  during  the  temperature  measurements, 
the  opening  was  closed  on  the  outside  with  a  thin  clear  glass  plate 
fitted  into  a  special  cap.  The  presence  of  the  glass  made  no 
appreciable  difference  in  the  reading  of  the  temperatures.  The 
temperatures  were  not  taken  simultaneously  at  all  points,  but  in 
rapid  succession,  starting  with  the  hole  nearest  to  the  grate.  On 
the  average,  the  readings  at  the  different  holes  were  taken  about 
30  seconds  apart. 

In  the  tests  of  the  second  group  the  temperatures  of  the  freshly 
fired  coal  were  measured  with  three  Hoskin  thermocouples  made  of 
one-sixteenth-inch  wires.  These  couples  were  secured  in  position 
before  the  firing  was  made.  The  coal  was  then  placed  on  the  fuel 
bed  and,  as  it  was  heated,  the  tempera!  urea  indicated  by  these  couples 
were  recorded  at  definite  intervals  by  means  of  a  portable  potenti- 
ometer. Thus  the  rate  of  heating  of  the  freshly  fired  coal  was  ob- 
tained. 

In  the  tests  of  the  third  group  the  temperatures  were  too  low  for 
optical  pyrometer  reading.  Therefore,  in  the  first  three  tests  of  this 
group  the  temperature  was  not  determined,  but  the  color  of  the  coals 

a  Durley,  R.  J.,  On  the  measurement  of   air  flowing  into  the  atmosphere  through  circular  or 
thin  plates  and  under  small  differences  in  pressure:  Trans.  Am.   Soc.   Ifech.    Eng.,     <>l.  27,  l"06,  pp. 
lJKi-253. 
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in  the  fuel  bed  was  noted,  for  example,  "black,"  or  "almost  black." 
On  the  last  four  tests  of  this  group  the  temperatures  were  measured 
with  a  Hoskin  couple  having  wires  about  one-eighth  of  an  inch  thick. 
The  couple  was  inserted  8  inches  into  the  fuel  bed  through  the  sam- 
pling holes,  and  the  temperature  was  read  with  a  portable  potenti- 
ometer. The  readings  were  taken  immediately  after  the  collection 
of  each  set  of  gas  samples.  The  temperature  readings  through  each 
hole  were  about  five  minutes  apart,  because  time  was  required  for 
the  thick  thermocouple  wire  to  be  heated  to  the  temperature  of  the 
fuel  bed. 

METHOD    OF    SAMPLING    GASES. 

All  gas  samples  were  collected  simultaneously  with  water-cooled 
samplers  in  glass  receptacles  over  mercury.  Usually  three  sets  of 
samples  were  collected  during  each  test.  In  the  tests  of  group  1  the 
analyses  of  the  three  sets  were  averaged  for  each  position  of  the  gas 
samplers.  In  the  tests  of  the  other  two  groups  the  analyses  of  each 
set  were  kept  separate,  as  different  conditions  existed  in  the  fuel 
bed  at  the  time  of  taking  each  set  of  samples.  The  duration  of  col- 
lecting the  samples  was  three  to  five  minutes. 

In  the  tests  of  the  first  and  second  groups  the  grate  was  shaken  and 
the  temperature  was  measured  two  to  five  minutes  before  each  set 
of  samples  was  collected.  With  the  third  group  of  tests  the  grate 
was  not  disturbed  at  all,  and  care  was  exercised  to  disturb  the  fuel 
bed  as  little  as  possible. 

The  general  scheme  of  collecting  gas  samples  is  shown  diagrammat- 
ically  in  figure  2.  The  apparatus  consisted  essentially  of  a  water-cooled 
sampler,  two  wash  bottles  partly  filled  with  water,  a  gas  container, 
and  a  suction  pipe.  These  parts  were  connected  together  with  one- 
fourth-inch  lead  pipe,  and  in  places  with  one-fourth-inch  copper 
tubing.  A  steam  ejector  kept  the  pressure  in  the  suction  pipe  reduced 
and  caused  a  continuous  current  of  gas  to  flow  from  the  furnace 
through  the  system.  The  copper  tube  leading  to  the  wash  bottle 
extended  below  the  level  of  the  water  in  the  bottle  so  that  the  flow 
of  the  gas  made  itself  visible  by  bubbling  through  the  water.  If  the 
flow  of  gas  stopped,  the  operator  could  notice  it  immediately  by  the 
cessation  of  the  bubbling.  A  part  of  the  current  of  gases  was  made 
to  flow  into  the  gas  container  by  permitting  the  mercury  to  run  out 
of  it.  The  gas  collected  in  the  container  constituted  the  sample  that 
was  analyzed.  Before  starting  to  collect  the  gas,  the  air  in  the  tub- 
ing leading  to  the  container  was  exhausted  by  opening  the  pinch 
cock  A  and  closing  the  pinch  cock  B.  A  U-tube  mercury  monometer 
was  connected  to  the  suction  pipe  to  indicate  the  reduction  in  pres- 
sure, and  facilitated  the  control  of  the  gas-collecting  apparatus. 
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COLLECTION  OF  TAR  AND  SOOT  SAMPLES. 

Soot  and  tar  samples  were  collected  only  during  the  tests  of  the 
second  group  in  which  firings  were  made  at  long  intervals.  For  the 
collection  of  these  samples  a  snugly  fitting  glass  tube  was  inserted 


o-a 


into  the  water-cooled  gas  sampler  and  a  filter  was  placed  between 
the  glass  tube  and  the  lead-pipe  connection.  The  tar  and  soot 
were  caught  in  the  glass  tube  and  this  filter.  The  filters  were  filled 
with  asbestos  fiber  that  had  been  previously  burned  to  remove  all 
combustible  material.  The  fiber  was  packed  around  a  wire  spring, 
shown  in  figure  2.     The  object  of  this  spring  was  to  prevent  the 
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No.  8  rubber  stopper 


fiber  from  being  drawn  by  the  stream  of  gas  to  one  end  of  the  filter 
tube. 

During  the  course  of  these  experiments  another  filter  was 
developed  which  proved  to  be  more  convenient  to  use.  This  filter, 
shown  in  figure  3,  consists  of  a  porous  alundum  thimble  inclosed  in  a 
glass  tube.     The  tar  and  soot  are  deposited  in  the  thimble  as  the 

gases  are  drawn  through  it.  To 
prevent  clogging  by  rapid  deposi- 
tion of  tars  on  the  inner  surface 
of  the  thimble,  the  latter  is  filled 
with  burned  asbestos  fiber.  The 
material  collected  in  the  glass  tube 
and  in  the  filter  was  the  composite 
sample  of  soot  and  tar.  During 
the  collection  of  the  sample,  the 
gases  flowing  through  the  sampler 
were  measured  with  a  gas  meter 
placed  immediately  before  the  suc- 
tion pipe.  Thus  data  for  the  ex- 
pression of  the  weight  of  tar  and 
soot  per  cubic  foot  of  gas  were 
obtained. 

The  tar  and  soot  samples  were 
collected  only  in  the  freshly  fired 
fuel  portion  of  the  fuel  bed ;  in  the 
coke  residue  only  gas  samples  were 
collected  for  the  reason  that  no 
soot  and  tars  were  formed  in  it. 


Alundum  thimble 

/1J"  outside  diameter 
4"  long 


inch  brass  wire 


t^  -inch  brass  scre\r 


POSITION    OF    SAMPLERS. 


The  samplers  were  inserted  into 
the  furnace  through  the  holes  dis- 
tributed radially  in  the  wall  of  the 
furnace  at  vertical  intervals  of  1J 
inches  from  the  grate  as  shown  in 
figure  1.  That  is,  the  first  sam- 
pler was  1J  inches,  the  second  3 
inches,  and  the  third  4 J  inches 
from  the  grate,  and  so  on.  The 
inlets  of  the  samplers  were  placed 
1J  inches  from  the  center  of  the  furnace.  The  object  of  distributing 
the  samplers  radially  was  to  avoid  the  localization  of  the  disturbances 
of  the  fuel  bed  by  the  samplers,  and  to  obtain  more  space  on  the 
outside  of  the  furnace  for  the  manipulation  of  the  samplers.     With 
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Figure  3.— An  improved  tar  and 
soot  filter  made  of  an  alundum 
thimble. 
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this  arrangement  the  tendency  to  form  vertical  channels  in  the  fuel 
bed  was  much  less  than  if  all  the  samplers  had  been  in  one  vertical 
plane. 

GAS    SAMPLERS. 

The  samplers  were  water  cooled  in  order  to  prevent  their  destruc- 
tion by  heat.  They  were  made  of  three  concentric  thin-walled 
copper  tubes.  The  gas  was  drawn  through  the  smallest  tube.  The 
two  larger  tubes  formed  two  annular  spaces  through  which  water 
circulated;  the  water  entered  the  smaller  annular  space,  flowed  to 
the  end  of  the  sampler,  and  returned  through  the  outer  space.  The 
joint  at  the  end  which  was  inserted  into  the  fuel  bed  was  brazed; 
all  other  joints  were  soldered.  The  sampler  was  provided  with  a 
sleeve  which  fitted  tightly  over  the  mouth  of  the  sampling  holes  in 
the  furnace  wall  and  prevented  leakage  of  gases  around  the  sampler. 

GAS    SAMPLE    CONTAINER. 

The  gas  sample  container  used  was  a  glass  vessel  of  about  125-c.c. 
capacity,  having  the  inlet  tube  extending  almost  the  full  length  of 
the  inside  of  the  container.  As  long  as  the  surface  of  the  mercury 
was  above  the  gas  inlet,  an  equal  volume  of  mercury  flowed  out 
during  each  equal  interval  of  time  and  was  replaced  by  the  same 
volume  of  gas.  The  period  of  sampling  could  be  regulated  by  con- 
trolling the  flow  of  mercury  from  the  container. 

For  convenience  and  safety  in  handling,  three  glass  vessels  were 
mounted  on  a  portable  wooden  stand. 

ANALYSIS    OF    GAS    SAMPLES. 

The  samples  of  gas  were  analyzed  for  C02,  02,  CO,  H2,  CH4,  and 
unsaturated  hydrocarbons.  In  tests  with  coke  and  anthracite  the 
determinations  for  unsaturated  hydrocarbons  were  unnecessary. 

The  analyses  were  made  with  modified  Hempel  apparatus,  the 
gas  being  analyzed  over  mercury.  The  measuring  burette  was  water 
jacketed  and  provided  with  a  Petterson  pressure  and  temperature 
compensating  tube.  Determination  of  H2  and  CH4  were  made  by 
the  slow  combustion  method  with  heated  platinum  coil. 

DETERMINATION    OF    TAR    AND    SOOT. 

Tar  was  separated  from  soot  by  extraction  with  hot  benzol  in 
Soxhlct  apparatus.  The  soluble  part  was  considered  tar  and  the 
insoluble  combustible  part  was  considered  soot. 

The  deposit  of  tar  and  soot  in  the  glass  lining  of  the  sampler  was 
removed  with  asbestos  fiber  and  benzol  and  added  to  that  collected 
in  the  alundum  thimble.  The  thimble  was  placed  in  the  Soxhlet 
40021°— 18 3 
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apparatus  on  a  heated  sand  bath  and  extracted  for  some  hours  after 
the  benzol  ran  colorless.  The  tar  contained  in  the  extraction  flask 
was  freed  from  benzol  by  passing  dry  air  at  room  temperature  through 
the  flask  until  the  loss  was  less  than  3  mg.  on  successive  weighings  one 
day  apart.  The  difference  in  weight  between  the  flask  and  tar  and  the 
clean  dry  flask  was  taken  as  the  weight  of  tar.  While  freeing  the  tar 
from  benzol,  some  of  the  light  oils  contained  in  the  tars  were  carried 
away  with  the  benzol  and  lost. 

After  extraction,  the  alundum  thimble  containing  the  soot  mixed 
with  asbestos  fiber  was  dried  to  constant  weight  at  105  to  110°  C. ;  then 
the  soot  was  burned  off  in  a  muffle  furnace  at  red  heat.  The  loss  in 
weight  due  to  burning,  minus  a  correction  found  by  running  a  blank, 
was  taken  as  the  amount  of  soot. 

RESULTS  OF  TESTS  OF  GROUP  1. 

Table  2  contains  the  results  of  the  tests  of  the  first  group  in  which 
the  fuel  was  fired  in  small  quantities  at  short  intervals,  as  is  the  prac- 
tice in  firing  coal  under  power-plant  boilers.  As  previously  stated, 
four  fuels  were  used  in  these  tests — Pittsburgh  coal,  anthracite, 
metallurgical  coke,  and  semicoke.  Only  two  tests  were  made  with 
the  semicoke,  because  of  insufficient  supply.  Two  thicknesses  of  fuel 
bed  were  used  with  each  of  the  fuels — 6-inch  and  12-inch.  The  fuels 
were  burned  at  three  rates  of  combustion,  10,  6,  and  3  pounds  of  fuel 
per  square  foot  of  grate  per  hour. 

The  tests  are  arranged:  First,  according  to  the  kind  of  fuel;  second, 
according  to  the  thickness  of  fuel  bed;  and,  third,  according  to  the 
rate  of  combustion.  A  full  explanation  of  each  item  of  the  table  is 
given  in  the  following  paragraphs : 

Column  1  gives  the  serial  number  of  each  test.  The  tests  followed 
those  reported  in  Technical  Paper  137,a  and  were  designated  by 
numbers  following  those  of  the  previous  tests. 

Column  3  gives  the  thickness  of  fuel  bed  during  the  test. 

In  column  4  the  word  "  combustible "  means  moisture  and  ash-free 
coal. 

In  column  5  the  duration  of  test  is  given  in  hours  and  minutes. 
This  duration  includes  only  the  test  proper  and  does  not  include  the 
time  taken  in  preparing  the  fuel  bed  for  the  test. 

Column  6  gives  the  average  pressure  of  air  in  the  ash  pit. 

The  values  given  in  column  8  were  obtained  by  multiplying  the 
value  in  column  7  by  the  value  in  column  4  and  subtracting  from 
the  product  the  combustible  in  refuse  fallen  into  the  ash  pit. 

In  column  10  the  values  for  the  weight  of  air  forced  through  the 
fuel  bed  per  pound  of  fuel  fired  were  obtained  by  dividing  the  values 
in  column  9  by  those  in  column  7. 

a  Kreisinger,  Henry,  Ovitz,  P.  K.,  and  Augu.stine,  C  E.,  Combustion  in  the  fuel  bed  of  hand-fired 
furnaces:  Tech.  Paper  139,  Bureau  of  Mines,  1916,  pp.  27-37. 
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In  column  1 1  the  values  for  the  weight  of  air  forced  through  the  fuel 
bed  per  pound  of  combustible  burned  were  obtained  by  dividing 
the  values  in  column  9  by  those  in  column  8. 

In  column  12  the  figures  represent  the  vertical  distance  of  the  gas 
sampler  from  the  grate  in  inches. 

Each  of  the  values  for  the  average  composition  of  gases  in  the  fuel 
bed,  columns  13  to  20,  represents  the  average  analysis  of  three 
samples. 

The  temperatures  in  the  fuel  bed,  column  21,  at  a  distance  from  the 
grate  given  in  column  12  are  the  averages  of  four  readings  taken 
with  a  Wamier  optical  pyrometer. 

Column  22  gives  the  weight  of  air  per  pound  of  combustible  com- 
puted from  the  gas  analyses  at  the  point  given  by  column  12.  The 
weight  was  computed  from  the  following  formula: 

N2 

\\  =3.03CCO2+CO4_CH4+Il(CnH2ii) 

where  C  is  the  percentage  of  carbon  in  moisture  and  ash-free  coal, 
and  N2,  C02,  CO,  CH4,  and  CnH2n  are  the  volume  percentages  of 
these  constituents  in  the  gases. 
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GRAPHIC    REPRESENTATION    OF    RESULTS    OF   TESTS. 

The  curves  plotted  from  the  results  of  the  first  group  of  tests  are 
shown  in  figures  4  to  10.     These  figures  show  the  variation  of  the 
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FiriDBK  4.— Composition  of  gases  and  temperature  in  6-inch  fuel  bed  of  Pittsburgh  bituminous  coal  in 
a  hand-fired  experimental  furnace.  Rates  of  combustion,  10,  6,  and  3  pounds  of  fuel  per  square  foot  of 
grate  per  hour. 

different  constituents  of  the  gases  as  they  rise  through  the  fuel  bed. 
The  notation  and  the  legend  of  each  figure  gives  complete  information 


RESULTS   OF    TESTS   OF  GROUP  1. 


25 


of  what  the  figure  represents,  hence  the  figures  can  be  studied  with 
little  reference  to  the  text. 
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FloiTBI  5.— Composition  of  gases  and  temperature  in  12-inch  fuel  bed  of  Pittsburgh  bituminous  coal  in 
a  hand-fired  experimental  furnact.  Rates  of  combustion,  10,  6,  and  3  pounds  of  fuel  per  square  foot  of 
grate  per  hour. 

DISCUSSION    OF    RESULTS    OF    FIRST    GROUP    OF   TESTS. 
PROCESSES    OF   COMBUSTION'    IN    FUEL    BED. 

In  general,  the  processes  of  combustion  in  the  fuel  bed  when  the 
fuel  is  burned  at  low  rates  are  the  same  as  they  are  when  the  fuel  is 
40021°— 18 4 
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burned  at  high  rates  of  combustion,  such  as  are  used  in  firing  coal 
under  power-plant  or  locomotive  boilers.     This  fact  is  shown  by  com- 
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Figure  6.-Composition  of  gases  and  temperature  in  6-inch  fuel  bed  of  anthracite  coal  in  a  hand-fired 
experimental  furnace .    Rates  of  combustion,  10, 6,  and  3  pounds  of  fuel  per  square  foot  of  grate  per  hour . 

parison  of  figures  4  to  10  with  similar  figures  in  Technical  Paper  137.a 
With  a  6-inch  fuel  bed,  the  oxygen  in  the  air  supplied  through  the 

a  Kreisinger,  Henry,  Ovitz,  F.  K.,  and  Augustine,  C.  £.,  Combustion  in  the  fuel  bed  of  hand-fired  fur- 
naces: Tech.  Paper  137,  Bureau  of  Mines,  1916,  pp.  39-44. 
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grate  is  almost  all  used  up  in  the  lowest  3  inches  of  the  fuel  bed  by 
burning  the  carbon  of  the  coal  to  C02,  only  a  comparatively  small 
percentage  of  CO  being  formed.  At  this  point  the  C02  content  of 
the  gases  rising  through  the  fuel  bed  reaches  a  maximum  of  14  to  16 
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FmuRE  7.— Composition  of  gases  and  temperature  in  12-inch  fuel  bed  of  anthracite  coal  in  a  hand-fired 
experimental  furnace.    Rates  of  combustion,  10, 6,  and  3  pounds  of  fuel  per  square  foot  of  grate  pec  hour. 

per  ccMit.  As  the  gases  flow  through  the  upper  layers  of  the  fuel  bed 
the  percentage  of  C02  drops  and  the  percentage  of  CO  increases  rap- 
idly. This  change  indicates  that  as  long  as  there  is  free  oxygen  the 
carbon  is  oxidized  to  C02,  but  when  the  oxygen  is  used  up,  the  COa 


28 


LOW-RATE    COMBUSTION   IN   FUEL  BEDS. 


acts  as  an  oxidizing  agent  and  is  reduced  to  CO,  which  increases 
twice  as  rapidly  as  C02  disappears.  The  zone  of  reduction  of  C02 
extends  to  near  the  surface  of  the  fuel  bed.     Just  within  the  top  of 
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Figtjre  8.— Composition  of  gases  and  temperature  in  6-inch  fuel  bed  of  metallurgical  coke  in  a  hand-fired 
experimental  furnace.    Rates  of  combustion,  10, 6,  and  3  pounds  of  fuel  per  square  foot  of  grate  per  hour. 

the  fuel  bed  the  reduction  of  C02  is  stopped  by  the  presence  of  air 
which  comes  down  along  the  sides  of  the  furnace  and  penetrates  the 
upper  part  of  the  bed.     In  the  charts  this  infiltration  of  air  from  the 
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top  of  the  furnace  is  indicated  by  the  appearance  of  free  oxygen  in 
the  gases,  the  drop  in  CO  content  due  to  its  combustion,  and  with  the 
higher  rates  of  combustion  the  rise  in  C02  content.     With  the  lower 
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Tmsvkm  9.— Composition  of  gases  and  temperature  in  12-inch  fuel  bed  of  metallurgies  Icoke  in  a  hand-firod 
experimental  furnace.    Rates  of  combustion,  10,  6,  and  3  pounds  of  fuel  per  square  foot  of  grate  per  hour. 

rates  of  combustion  the  effects  of  this  infiltration  of  air  are  more 
prominent,  because  the  low  velocity  of  the  gases  rising  from  the  fad 
bed  permits  more  air  to  descend  along  the  walls  of  the  furnace  rod 
into  the  fuel  bed.     With  the  rate  of  combustion  of  3  pounds  and 
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under  some  conditions  6  pounds  of  fuel  per  hour,  enough  air  descends 
and  niters  through  the  uppermost  layers  to  dilute  the  ascending  gases 
and  the  C02  content  drops  instead  of  rising.  The  descent  of  the  air 
could  be  easily  noticed  by  the  hehavior  of  the  smoke  and  flames  above 
the  fuel  bed,  and  is  illustrated  in  figure  11.  It  would  seem  that  under 
some  conditions  in  house-heating  apparatus,  when  the  ash  pit  is 
closed  air  could  descend  to  the  fuel  bed  through  the  chimney  and  the 
flue  connections,  and  aid  in  the  combustion. 
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Figure  10.— Composition  of  gases  and  temperature  in  6-inch  fuel  bed  of  semicoke  in  a  hand-fired  experi- 
mental furnace.    Rates  of  combustion,  10  and  3  pounds  of  fuel  per  square  foot  of  grate  per  hour. 

With  the  fuel  beds  12  inches  thick  the  free  oxygen  from  below 
seemed  to  penetrate  somewhat  higher  than  3  inches  above  the  grate. 
This  was  also  true  of  the  6-inch  coke  bed.  But  in  no  test  did  free 
oxygen  penetrate  to  the  upper  surface  of  the  fuel  bed.  Hence  a  large 
part  of  the  upper  half  of  the  fuel  bed  is  devoid  of  free  oxygen,  and  the 
carbon  is  gasified  only  by  the  reduction  of  C02. 

The  additional  air  needed  to  burn  the  large  content  of  CO  and  other 
combustibles  in  the  gases  rising  from  the  fuel  bed  may  be  admitted 
through  the  fire  door,  through  cracks  in  the  furnace,  or  under  some 
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conditions,  with  very  low  rates  of  combustion,  by  reverse  currents 
through,  the  chimney  and  the  flues  when  the  latter  are  large.  In  the 
tests  with  coke  the  percentage  of  combustible  gases  rising  from  the 
fuel  bed  was  smaller  than  when  Pittsburgh  or  anthracite  coal  was 
used  as  a  fuel.  Seemingly  this  is  due  to  the  comparative  absence 
of  hydrogen  in  the  coke,  also  to  the  possibility  that  the  carbon  in 
coke  is  less  active  in  reducing  C02  than  the  carbon  in  other  fuels. 
Comparison  of  figure  8,  showing 
the  composition  of  the  gases  in 
a  coke  fuel  bed,  with  figure  10, 
showing  similar  data  for  a  semi- 
coke,  seems  to  support  this  ex- 
planation. The  semicoke  re- 
tained a  considerable  amount  of 
the  hydrogen  originally  in  the 
coal  and  the  carbon,  not  being 
thoroughly  coked,  was  more 
active  in  the  reduction  of  C02. 

TEMPERATURE    IX    FUEL    BED. 


In  figures  4  to  10,  the  tem- 
peratures in  the  fuel  bed  are 
represented  by  the  upper  curve 
of  each  figure.  Generally,  the 
temperature  is  higher  in  the 
lower  half  of  the  fuel  bed  where 
the  fuel  burns  to  C02  than  in 
the  upper  half.  It  reaches  a 
maximum  at  about  the  same 
point  as  the  percentage  of  C02. 
The  temperature  drop  in  the 
upper  half  of  the  fuel  bed  is 
partly  due  to  the  absorption  of 
heat  by  reduction  of  C02,  and 
partly  to  the  addition  of  fresh  fuel,  which  cools  the  layer  of  burning 
coals  immediately  below. 

With  all  fuels  and  with  all  thicknesses  of  fuel  bed  the  temperature 
rises  as  the  rate  of  combustion  increases.  This  temperature  rise 
is  chiefly  due  to  the  fact  that  as  the  rate  of  combustion  increases 
the  heat  is  generated  faster  than  it  is  dissipated  from  the  furnace, 
and  perhaps  also  to  the  fact  that  a  little  less  air  is  used  to  gasify  1 
pound  of  fuel  at  the  higher  rates  of  combustion  than  at  very  low 
ones. 


Figure  11. 


Air  flowing  to  the  surface  of  fuel  bed 
from  top  of  furnace. 
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WEIGHT    OF   AIR   FORCED   THROUGH    FUEL    BED   PER    POUND    OF   FUEL    GASIFIED. 

The  weights  of  air  that  can  be  forced  through  the  fuel  bed  with 
three  rates  of  combustion  and  two  thicknesses  of  fuel  bed  are  shown 
in  figure  12.  The  dashed  curves  are  drawn  through  points  represent- 
ing the  pounds  of  air  per  pound  of  moisture  and  ash-free  fuel  and 
the  solid  curves  through  points  representing  the  pounds  of  air  per 
pound  of  fuel  fired.  The  weight  of  air  represented  by  the  points 
is  the  quantity  measured  by  the  orifice.  This  quantity  checks 
fairly  closely  with  the  figure  obtained  by  computation  from  the 
analysis  of  the  gases  near  the  surface  of  the  fuel  bed  before  they 
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Figure  12.— Relation  between  the  rate  of  combustion  and  the  weight  of  air  per  pound  of  fuel  that  can 
be  forced  through  the  fuel  bed.  The  left  half  of  the  figure  gives  data  for  6-inch  fuel  bed  and  the  right 
half  for  12-inch  fuel  bed.  The  four  groups-  of  curves  represent  a  different  fuel. combus- 
tible.     fuel  as  fired. 

become  diluted  with  descending  air.     These  computed  values  are 
given  in  column  22  of  Table  2. 

The  figure  shows  that  the  weight  of  air  per  pound  of  fuel  burned 
that  can  be  forced  through  the  fuel  bed  is  practically  independent 
of  the  rate  of  combustion,  the  kind  of  fuel,  and  the  thickness  of  fuel 
bed,  and  that  it  is  constant.  Roughly  speaking,  only  about  6J 
pounds  of  air  can  be  supplied  through  the  fuel  bed  per  pound  of  fuel 
fired;  or,  about  7  to  8  pounds  of  air  per  pound  of  combustible  gasi- 
fied. It  is  shown  in  Technical  Paper  137  that  the  quantity  of  air 
remains  nearly  constant  through  a  very  wide  range  of  combustion. 
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The  rate  of  combustion  can  be  increased  fiftyfold,  from  3  pounds  to 
150  pounds  per  square  foot  of  grate  area  per  hour,  without  changing 
appreciably  the  weight  of  air  per  pound  of  fuel,  unless  there  are 
holes  in  the  fire,  when  the  excess  air  is  forced  through  the  holes  and 
not  through  the  fuel  bed.  Any  attempt  to  force  more  air  through 
the  fuel  bed  makes  the  fire  burn  faster,  the  ratio  of  air  to  a  pound  of 
fuel  gasified  remaining  constant. 

The  fuel  bed,  then,  acts  as  a  gas  producer  and  its  object  seems  to 
be  to  gasify  the  solid  fuel.  A  bed  just  thick  enough  to  produce 
a  maximum  of  C02  would  be  too  thin  to  be  practicable. 

The  amount  of  air  that  is  forced  through  the  fuel  bed  determines 
the  rate  of  gasification  or  combustion;  it  does  not  determine  the 
degree  of  completeness  of  combustion,  which  must  be  determined 
by  the  amount  of  air  supplied  over  the  fuel  bed,  the  size  of  combus- 
tion space,  the  gas-mixing  facilities,  and  the  temperature.  As 
previously  stated,  only  about  one-half  of  the  air  required  for  the 
complete  combustion  of  solid  fuels  can  be  supplied  through  the  fuel 
bed;  the  other  half  must  be  supplied  over  the  fuel  bed.  In  other 
words,  only  half  of  the  process  of  combustion  takes  place  in  the 
fuel  bed;  the  other  half  must  take  place  in  the  combustion  space 
above  the  fuel  bed  after  sufficient  air  has  been  added  to  and  mixed 
with  the  gases  rising  from  the  fuel  bed. 

RESULTS  OF  TESTS  OF  GROUP  2. 

The  results  of  the  three  tests  of  group  2  are  given  in  Table  3, 
following.  The  tests  were  made  with  Pittsburgh  coal,  fired  in  large 
quantities  at  long  intervals,  as  is  the  practice  with  house-heating 
apparatus.  In  conducting  these  tests  special  attention  was  given 
to  the  distillation  process,  and  several  sets  of  gas  samples,  as  well 
as  tar  and  soot  samples,  were  collected  from  different  points  in  the 
fuel  bed  during  the  distillation  period.  The  analyses  of  each  of 
these  sets  are  given  separately  to  show  the  progress  of  the  distilla- 
tion. For  that  reason  the  items  in  Table  3  are  arranged  in  a  differ- 
ent way  than  in  Table  2.  The  following  is  a  description  of  the 
items  in  the  table : 

Item  1  is  the  average  rate  of  combustion  obtained  by  dividing 
the  weight  of  coal  fired  by  the  duration  of  the  test  in  hours. 

Item  2  is  the  duration  of  the  test,  and  extends  over  a  period  of 
one  complete  firing  cycle. 

Item  3  is  the  average  weight  of  air  supplied  through  the  grate  per 
pound  of  coal  burned.  The  value  in  the  table  is  obtained  by  dividing 
the  weight  of  air  as  measured  with  the  orifice  by  the  weight  of  coal 
burned  during  the  test. 
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36  LOW-EATE    COMBUSTION    IN    FUEL   BEDS. 

Item  4  gives  the  average  weight  of  air  supplied  through  the  grate 
per  pound  of  moisture  and  ash  free  coal.  The  figure  in  the  table 
was  determined  by  dividing  the  weight  of  air  per  hour  measured 
with  the  orifice  by  the  weight  of  the  combustible  burned  per  hour. 
The  weight  of  combustible  was  determined  by  multiplying  the  weight 
of  coal  fired  by  the  percentage  of  combustible  in  the  coal  as  given 
in  Table  1,  and  subtracting  from  this  the  amount  of  combustible  in 
the  refuse. 

Item  5  gives  the  length  of  time  elapsed  in  hours  and  minutes 
between  firing,  and  the  collection  of  each  set  of  samples  and  the 
temperature  measurements. 

Item  6  gives  the  position  of  the  samplers  during  the  collecting  of 
gas,  tar,  and  soot  samples.  The  figure  in  the  table  gives  the  vertical 
distance  in  inches  of  the  intake  of  the  sampler  from  the  grate. 

Items  7  to  12  give  the  composition  of  the  gas  samples  in  percentage 
by  volume.  The  constituents  are  indicated  by  their  chemical 
symbol. 

Item  13  gives  the  total  combustible  gases  expressed  in  percentage 
by  volume.  The  figures  given  in  this  item  are  the  sums  of  items 
8,  10,  11,  and  12. 

Item  14  gives  the  temperature  in  the  fuel  bed  at  the  point  indicated 
by  item  6. 

Item  15  gives  the  weight  of  air  per  pound  of  combustible  burned, 
computed  from  the  volumetric  analysis  of  the  gases. 

Items  16  and  17  give  the  weight  of  tar  and  soot,  respectively, 
collected  per  cubic  foot  of  gas  passing  through  the  sampler  at  the 
point  indicated  by  item  6. 

Item  18  gives  the  percentage  of  tar  in  the  combustible  deposited 
in  the  sampler  and  the  filter.  The  values  of  this  item  were  obtained 
by  dividing  the  values  of  item  16  by  the  sum  of  items  16  and  17, 
and  multiplying  the  quotient  by  100. 

Item  19  gives  the  weight  of  the  total  combustible  ingredients  in 
the  gases  in  grams  per  cubic  foot  of  gas.  This  item  includes  the 
carbon  of  C02  and  CO,  items  7  and  10,  and  all  of  items  8,  11,  12, 
16,  and  17. 

Item  20  shows  what  percentage  of  the  original  combustible  in- 
gredients leaves  the  solid  fuel  in  the  form  of  tar  and  soot.  The 
values  of  this  item  were  obtained  by  dividing  the  sum  of  items  16 
and  17  by  the  values  of  item  19,  and  multiplying  the  quotient  by  100. 

Item  21  shows  what  percentage  of  the  original  combustible  in- 
gredients of  the  coal,  item  19,  leaves  the  solid  fuel  unburned  or 
only  partly  burned.  This  item  includes  the  carbon  in  the  CO, 
as  shown  by  item  10,  and  the  values  of  items  8,  11,  12,  16,  and  17. 

Item  22  shows  the  pressure  drop  through  the  fuel  bed,  in  inches  of 
water. 
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GRAPHIC  REPRESENTATION  OF  RESULTS  OF  TESTS. 

The  results  of  the  tests  of  group  2  are  shown  graphically  in  figures 
13,  14,  and  15.  The  left  half  of  each  figure  gives  the  percentages 
by  volume  of  oxygen,  carbon  dioxide,  and  combustible  in  the  gases 
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Figure  13.— Results  of  test  101.  Pittsburgh  bituminous  coal:  rate  of  combustion,  3  pounds  of  coal  per 
re  foot  of  prate  per  hour.  Curves  at  left  show  variation  in  composition  of  pases  in  fuel  bod  at  different 
intervals  after  a  larpe  firinp:  curves  at  right  show  variation  in  the  percentage  of  total  unburned  com- 
bustible and  of  the  tar  and  soot  based  on  total  weight  of  combustible  leaving  the  fuel,  consisting  of  the 
carbon  hi  CO*  and  CO,  and  all  of  the  lb,  ^11*,  unsaturated  hydrocarbons,  tar,  and  soot.  The  unburned 
combustible  includes  all  of  these  except  the  carbon  in  CO.,  hence  the  difference  between  the  ordinutcs 
of  its  curve  and  100  per  cent  represents  the  carbon  completely  burned  to  C<>a. 
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within  the  fuel  bed  at  various  distances  above  trie  grate  at  different 
periods  of  the  firing  cycle.  The  time  of  taking  the  samples  is  stated 
at  the  top  of  each  group  of  curves.  The  right  half  gives  for  the  same 
periods  of  the  firing  cycle  the  content  of  unburned  combustible 
expressed  as  percentage  by  weight  of  the  original  combustible  ingre- 


~r 

_ 

1  1   1 

1200— 

1000— 

300 

600 

40tt — 

0 

1200— 

1000— 

800 

600 

c_> 

100 

\ 

8min 

after  firing  | 

16 

\ 

*" 

/ 

30  S 

\ 

<£ 

V 

7S 

N 

1 

/ 

12 

< 

/ 

"A 

r" 

1 

1     1     1 

,£5 / 

i 

60S 

03 

2 

/d 

f 

XI 

combustible 

ft 

s 

yk 

1 

".2 

*y 

40  3 

8 

i 

5 

\ 

# 

,N! 

o 

»/ 

20  2 

I 

\ 

^ 

* 

n« 

-  £ 

V- 

4 

i 

a 

\ 

/ 

"  4 

* 

^ 

2 

1 

> 

N02 

J 

)  ° 

0 

1 

*1 

J    J 

20 

35  minutes  after  firi 

100^ 

^ 

ng 

-^ 

R 

rO\ 

\ 

r 

***• 

-f* 

ftp 

& 

r/N 

^0  fe 

gib 

-1 

-& 

?,/ 

\ 

N 

' 

**, 

r> 

^> 

\ 

f-. 

H 

r 

\ 

4 

60  ° 

> 

/ 

\ 

r 

>        \ 

i 

3 

Sr 

/ 

\ 

* 

i  ^ 

H   8 
Z 

-r- 

/ 

~\ 

■%ff 

s 

7/£ 

03 

/ 

v~ 

L# 

/ 

~k 

z 

20  W 
1 

OS    4 

w 

/ 

^   / 

f 

>'r? 

OS 

Pi 

/ 

-%- 

r 

) 

O   0 

\ 

T 

24.5 

v> 

< 
1200  g 

S 

w 

1000  H 

800 — 

600 — 

KXt  CO 

►J 

1 1  h.  2  m.  after  firing 

/  \ 

•s. 

^ 

JS 

03 

»  , 

— vi 

/  \ 

fe 

">  - 

A 

3 

80  ^ 

fc  16 
Z 

\ 

r 

^-< 

V 

\ 

<•' 

** 

/   N 

v|i 

03 

Kn 

AH 

V 

j&S 

/ 

V 

y 

■^>r- 

fio  3 

£12 

> 

rf 

/ 

I 

Total  unburned 
combustible  ~~ 

/ 

/ 

/s 

•« 

^ 

o 

X 

US/ 

/ 

T 

i 

K 

V 

40  5 

8 

• 

b% 

ri 

1 1» 

4U    OS 

r 

_/\ 

Yi 

90    ^ 

4 

/ 

\ 

I 

n 

$ 

-"  p 
J 

/■ 

\ 

°u. 

^  / 

i 

°   2 

100H 

0 

[_ 

1200 — 

20 

1 1  h.  37  m.  after  firing 

z 

n^ 

hs 

A 

'« 

< 

■  5 

1000 — 180     - 

16 

H 

■6 

*v/ 

/ 

vv 

f 

\ 

fc 

1   § 

>     J  \ 

O 
800 — J60  q 

12 

/ 

> 

"T    S 

s 

? 

-sT    ~ 

combustible" 

V 

600 

40  a 

8 

' 

"^ 

g 

— t 

A 

< 

/ 

1 

•3 

j 

i  i 

20 

4 

/ 

^£j 

' 

p*- 

1 

\ 

/> 

P^ 

V 

</\  ** 

■v,/ 

Tar  and  soot- 

^rs 

j 

\ 

0 

i 

4 

D 

s 

1ST 

AN 

3         1 
CEFR 

0 
OMSl 

2 
JKF 

AC 

EC 

2 
FC 

,RA 

4 
TE 

tt 

G 
JCr 

1ES 

8         ] 

0        1 

2 

Figure  14.— Results  of  test  104.  Pittsburgh  bituminous  coal;  rate  of  combustion,  6  pounds  of  coal  p«r 
square  foot  of  grate  per  hour.  Curves  at  left  show  variation  in  composition  of  gases  in  fuel  bed  at  different 
intervals  after  a  large  firing;  curves  at  right  show  variation  in  the  percentage  of  total  unburned  com- 
bustible, and  of  the  tar  and  soot  based  on  weight  of  the  total  combustible  leaving  the  fuel,  consisting  of 
the  carbon  in  CQ2  and  CO,  and  all  of  the  H2,  CH4,  unsaturated  hydrocarbons,  tar,  and  soot.  The  un- 
burned combustible  includes  all  these  except  the  carbon  in  C02,  hence  the  difference  between  the  ordinates 
of- its  curve  and  100  per  cent  represents  the  carbon  completely  burned  to  C02. 
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clients  in  the  coal,  and  the  percentage  of  tar  and  soot  combined. 
These  two  curves  are  the  graphs  of  items  20  and  21  of  Table  3.  The 
solid  curve  represents  the  temperature  changes. 
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Figure  15.— Results  of  test  103.  Pittsburgh  bituminous  coal;  rate  of  combustion,  10  pounds  of  coal  per 
square  foot  of  grate  per  hour.  Curves  at  left  show  variation  in  composition  of  gases  in  fuel  bed  at  different 
intervals  after  a  large  firing;  curves  at  right  show  variation  in  the  percentage  of  total  unburned  combus- 
tible and  of  the  tar  and  soot  based  on  weight  of  total  combustible  leaving  the  fuel,  consisting  of  the  carbon 
in  COj  and  CO,  and  all  of  the  H2,  CH4,  unsaturated  hydrocarbons,  tar,  and  soot.  The  unburned  com- 
bustible includes  all  of  these  except  the  carbon  in  C02,  hence  the  difference  between  the  ordinal  oa  of  if  - 
curve  and  100  per  cent  represents  the  carbon  completely  burned  to  CO.. 

DISCUSSION    OF    RESULTS. 

The  thickness  of  the  fuel  bed  was  not  constant  in  this  group  of 
tests;  it  was  10  to  12  inches  immediately  after  firing  and  decreased 
as  the  fuel  burned  away.  The  change  of  thickness  is  indicated  in 
figures  13,  14,  and  15  by  the  difference  of  position  of  the  vertical 
lines  representing  the  top  of  the  fuel  bod. 

The  composition  of  the  gases  in  the  fuel  bed  shows  the  same  char- 
acteristics as  in  the  tests  of  group  1 ,  which  were  made  with  small 
firings  at  frequent  intervals.     The  free  oxygen  is  all  used  up  at  a 
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point  4 \  inches  above  the  surface  of  the  grate.  The  C02  content 
reaches  a  maximum  at  this  point,  and  then  decreases  as  the  gases 
flow  through  the  upper  layers  of  the  fuel  bed.  As  previously  stated, 
this  decrease  is  due  to  reduction  to  CO  by  the  hot  carbon,  and,  near 
the  surface  of  the  fuel  bed,  to  infiltration  of  air  descending  along  the 
furnace  walls  as  shown  in  figure  11.  This  infiltration  of  air  is  also 
indicated  by  the  rise  of  oxygen  content  of  the  gases  near  the  surface 
of  the  fuel  bed. 

The  percentage  of  combustible  in  the  gases  is  somewhat  smaller 
than  is  obtained  with  frequent  firing.  This  is  probably  due  to  the 
fact  that  the  volatile  combustible  leaves  the  solid  fuel  largely  in  the 
form  of  tar  and  the  temperature  is  not  high  enough  to  decompose  the 
tar  into  gases.  Comparison  of  the  two  curves  of  the  right  half  of  fig- 
ures 13, 14,  and  15,  and  item  18  in  Table  3,  the  percentage  of  tar  in  the 
nongaseous  material,  shows  that  a  large  part  of  the  combustible  leav- 
ing the  fuel  is  in  the  form  of  tar.  This  is  particularly  true  during  the 
first  part  of  the  firing  cycle  when  the  distillation  is  going  on. 

PROCESS    OF   DISTILLATION. 

It  is  very  probable  that  a  large  proportion  of  the  volatile  matter 
leaves  the  coal  as  hydrocarbons  which  at  the  high  temperature 
exist  as  vapors,  but  at  atmospheric  temperature  collectively  form 
more  or  less  viscous  liquids  known  as  tars.  At  the  high  temperature 
in  the  fuel  bed  these  tars  undergo  a  quick  decomposition,  possibly 
through  many  intermediate  compounds,  with  soot  and  the  simple 
gases  CO,  H2,  and  perhaps  CH4  as  the  final  products.  As  soon  as 
these  tars  enter  the  water-cooled  sampling  tubes  they  are  quickly 
cooled  and  the  decomposition  is  arrested.  However,  from  the  time 
the  volatile  matter  leaves  the  solid  fuel  until  it  is  cooled  in  the  gas 
samples,  some  decomposition  takes  place. 

The  tars  collected  at  the  surface  of  the  fuel  bed,  1J  inches  below 

the  surface,  and  \\  inches  above  it  were  accumulated  after  being 

extracted   with    benzol,    and    were    subjected    to    fractionation    by 

distillation.     Table  6  gives  the  results  of  this  fractionation.     As  a 

total  of  only  64  grams  of  material  was  available  the  figures  given 

have  only  a  qualitative  value. 

Table  4. — Results  of  fractionation  of  tars  collected  in  fuel  bed  of  experimental  hand-fired 

furnace. 


Temperature  of 
distillation. 

Distillate. 

Color. 

Remarks. 

°C. 

Per  cent. 

a  11. 55 

a  6. 07 

.10 

.03 

.47 

3.05 

16.25 

7.27 

55.  25 

Yellow,  then  red  by  oxidation 

Thin  liquid. 

do 

Do. 

Yellow,  then  black  by  oxidation 

Do. 

200  210 

do 

Do. 

210  235 

....do 

Do. 

235  270 

do 

Do. 

270-315 

.do 

Do. 

Do. 

Black  solid  and  somewhat  plastic 

a  Mostly  the  added  benzol. 
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Analysis  of  the  largest  fraction,  distilled  at  270°  to  315°  C,  gave 
the  following  composition:  Carbon,  85.7  per  cent;  hydrogen,  9.6 
per  cent;  and  oxygen,  4.7  per  cent.  This  composition  gives  the 
empirical  formula  C6H8O0.25.  The  specific  gravity  was  0.970.  By 
analysis  10.1  c.  c.  of  material  yielded  2.5  c.  c.  tar  acids,  2.5  c.  c.  unsatu- 
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Figure  16.— Effect  of  the  rate  of  combustion  on  the  rate  of  heating  of  freshly  fired  coal.  The  figure  near 
each  curve  indicates  the  vertical  distance  in  inches  abovo  the  gmte  of  the  point  where  temperatures 
were  I  1  circles  represent  temperatures  of  the  coke  residue  obtained  with  optical  pyrometer; 

open  circles  represent  temperatures  of  the  freshly  fired  coal  obtained  with  lloskin  thermocouples  buried 
at  different  depths  in  the  coal. 

rated  aliphatic  bodies,   1.5  c.  c.  paraffins.     The  remaining  3.6  c.  c. 

includes  the  aromatic  hydrocarbons  and  the  material  lost  in  the 
operations.     No  naphthalene  or  anthracene  could  be  found. 
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The  fractional  distillation  shows  that  at  atmospheric  temperature 
roughly  about  one-half  of  the  tar  substance  is  in  the  liquid  state. 

Each  of  the  distillates  is  not  one  chemical  compound,  but  is  a 
mixture  probably  of  a  large  number  of  compounds.  These  com- 
pounds consist  maiuly  of  carbon  and  hydrogen,  although  some  of 
them  have  a  small  percentage  of  oxygen.  The  formula  as  given  in 
the  paragraph  following  Table  4  represents  the  average  composition 
of  the  compounds  in  the  fraction  distilled  at  270°  to  315°  C.  The 
other  distillates  probably  have  different  average  compositions. 
Table  4  with  Table  3  shows  that  the  combustion  in  the  fuel  bed  con- 
sists of  a  large  number  of  simultaneous  as  well  as  consecutive  reac- 
tions, which  form  a  vastly  complex  reaction  system. 

RATE    OF    HEATING    OF    FRESHLY    FIRED    COAL. 

The  rate  of  heating  of  the  freshly  fired  coal  is  shown  graphically  in 
figure  16.  The  solid  black  circles  indicate  the  temperatures  in  the 
hot  coke  obtained  with  the  optical  pyrometer,  and  the  open  circles 
indicate  the  readings  taken  with  three  Hoskin  thermocouples  buried 
at  different  depth  in  the  freshly  fired  coal.  The  figure  near  each 
curve  indicates  the  distance  in  inches  from  the  grate  of  the  points 
where  the  temperatures,  were  taken.  The  temperatures  were  taken 
as  described  on  page  13. 

The  uniform  rise  of  temperature  in  the  freshly  fired  coal  as  shown 
by  all  three  thermocouples  indicates  that  the  coal  is  heated  mostly  by 
the  hot  gases  streaming  up  through  it,  and  only  to  a  small  extent  by 
contact  with  the  hot  coke.  As  a  result  the  rate  of  heating  increases 
rapidly  with  the  rate  of  combustion.  Thus,  at  a  rate  of  combustion 
of  3  pounds  the  coal  is  heated  from  about  200°  C.  to  850°  C.  in  about 
two  hours,  at  a  rate  of  combustion  of  6  pounds,  in  about  one  hour, 
and  at  a  rate  of  10  pounds  in  less  than  half  an  hour. 

TESTS  OF  GROUP  3. 
PURPOSE    AND    METHOD    OF    CONDUCTING    TESTS. 

The  object  of  the  third  group  of  tests  was  to  study  the  processes 
of  combustion  in  the  fuel  bed  when  the  admission  of  air  through  the 
grate  was  entirely  stopped,  and  to  determine  whether  the  fire  could 
be  kept  burning  for  a  length  of  eight  hours  or  more  under  such  con- 
ditions. The  conditions  are  somewhat  similar  to  those  in  house- 
heating  apparatus  when  fires  are  kept  over  night. 

The  tests  were  started  by  building  a  hot  bed  of  coals  with  a  given 
fuel  to  the  desired  thickness,  enough  air  being  supplied  through  the 
fuel  bed  for  a  rate  of  combustion  of  about  15  pounds.  The  admission 
of  air  under  the  fuel  bed  was  then  shut  off  by  plugging  the  orifice  with 
a  rubber  stopper.     Then  samples  of  gas  were  collected  and  tempera- 
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tures  iii  the  fuel  bed  were  measured  in  the  usual  manner.  In  the 
first  few  tests  of  this  series  attempts  were  made  to  measure  the 
temperature  with  an  optical  pyrometer,  hut  the  temperatures  soon 
became  too  low  for  reading  with  this  instrument.  Therefore  the 
color  of  the  fuel  bed  was  noted  as,  for  instance,  " nearly  black,"  or 
'black."  In  subsequent  tests  the  temperatures  were  measured 
with  a  Hoskins  thermocouple  made  of  wires  about  one-eighth  of  an 
inch  thick.  The  couple  was  inserted  about  8  inches  into  the  fuel 
bed  through  the  gas  sampling  holes  in  the  side  of  the  furnace.  While 
the  temperature  was  being  measured,  leakage  around  the  couple  was 
prevented  with  asbestos  packing.  This  method  of  temperature 
measurement  was  necessarily  slower  than  with  the  optical  pyrometer, 
because  time  had  to  be  given  for  the  couple  to  become  heated  to  the 
temperature  of  the  fuel  bed. 

NOTES    ON    INDIVIDUAL    TESTS    OF    GROUP   3. 
TEST    86,    i'lTTSBURGH    COAL,    12-IXCH    FUEL    BED. 

The  fire  was  started  at  8.55  a.  m.  and  the  fuel  bed  was  gradually 
built  to  12  inches.  At  10.31  the  ash  pit  was  cleaned  and  the  air  supply 
through  the  grate  was  completely  shut  off.  The  top  of  the  furnace 
was  left  open  so  that  air  could  descend  freely  to  the  fuel  bed  from  the 
top.  The  fuel  bed  gradually  settled  and  in  order  to  keep  its  thick- 
ness at  12  inches,  1  pound  of  coal  was  spread  over  the  surface  of  the 
fuel  bed  at  10.46,  11.15,  11.45,  and  12.30.  At  1.30  the  fuel  bed  was 
dull  red  at  1J,  3,  and  4 J  inches  above  the  grate  and  was  black  at  6 
inches  above  the  grate,  showing  that  the  bed  was  cooling  from  the 
top.  At  2.30  there  was  a  faint  glow  only  at  4^  inches  from  the  grate, 
the  rest  of  the  fuel  bed  appeared  black.  At  3.30  the  entire  fuel  bed 
appeared  black.  Gas  samples  were  collected  at  10.47,  11.59,  and  1.42. 
The  composition  of  the  samples  is  shown  graphically  by  the  upper 

group  of  curves  hi  figure  17  (p.  46). 
i 

TEST   88,    ANTHRACITE    COAL.    12-IXCH    FUEL    BED. 

The  fire  was  started  at  8.30  a.  m.  and  the  fuel  bed  was  gradually 
built  to  12  inches.  At  10.09  a.  m.  the  ash  pit  was  cleaned  and  the 
supply  of  air  through  the  grate  was  completely  shut  c  fF.  The  top  of 
the  furnace  was  left  open.  To  keep  the  thickness  of  fuel  bed  at  12 
inches,  1  pound  of  coal  was  spread  over  its  surface  at  10.20,  10.50, 
11.20,  11.50,  and  1.10  a.  m.  At  2.30  there  was  a  red  glow  only  at  44 
inches  from  the  grate,  all  the  rest  of  the  fuel  bed  was  dark.  At  3.30 
the  fuel  bed  was  dark  all  over.  Gas  samples  were  collected  at  10.37, 
1.26,  and  2.02,  the  analyses  being  given  by  the  middle  group  of  curves 
in  figure  17. 
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TEST   89,    METALLURGICAL    COKE,    12-TNCH    FUEL    BED. 

The  fire  was  started  at  8.50  a.  m.,  and  the  fuel  bed  was  gradually 
built  to  12  inches.  At  10.40  the  air  supply  through  the  grate  was 
completely  shut  off;  no  fuel  was  added  during  this  test.  At  1.45  the 
entire  fuel  bed  appeared  dark.  Samples  of  gases  were  taken  at  10.45, 
12.02,  and  1.20.  The  analyses  of  these  samples  are  shown  by  the 
lower  group  of  curves  in  figure  17. 

TEST    100,    PITTSBURGH    COAL,    18-INCH   FUEL    BED. 

The  fire  was  started  at  8.15  a.  m.  and  the  fuel  bed  was  gradually 
built  up  to  18  inches.  At  9.42  a.  m.  the  supply  of  air  through  the  grate 
was  completely  shut  off.  No  coal  was  fired  during  this  test.  At 
5.45  p.  m.  the  fuel  bed  was  still  hot.  At  9.40  a.  m.  the  next  day  after 
the  air  had  been  completely  shut  off  for  24  hours,  air  was  supplied 
through  the  grate  and  the  fire  was  readily  started.  Four  sets  of  gas 
samples  and  temperature  measurements  were  taken  in  this  test. 
The  composition  of  the  gas  samples  and  the  temperature  measure- 
ments are  shown  graphically  by  the  curves  of  the  upper  group  in 
figure  18  (p.  47). 

TEST   99,    ANTHRACITE    COAL,    18-INCH   FUEL    BED. 

The  fire  was  started  at  8.30  a.  m.  and  the  fuel  bed  was  gradually 
built  up  to  18  inches.  At  10.18  a.  m.  the  air  supply  through  the  grate 
was  completely  shut  off.  Four  sets  of  gas  samples  and  temperature 
measurements  were  taken.  The  last  set  was  taken  at  7.31  p.  m.,  at 
which  time  the  bottom  part  of  the  fuel  bed  was  still  red  hot  and  by 
supplying  air  through  the  grate  the  fire  could  be  started  readily. 
The  next  morning,  14  hours  later,  the  fuel  bed  was  black  and  appar- 
ently the  fire  was  out.  The  composition  of  the  gas  samples  and  the 
temperature  measurements  are  shown  graphically  by  the  middle 
group  of  curves  in  figure  18. 

TEST    96,    METALLURGICAL    COKE,    18-INCH    FUEL    BED. 

The  fire  was  started  at  8.12  a.  m.  and  the  fuel  bed  built  to  18 
inches.  At  9.16  a.  m.  the  air  supply  through  the  grate  was  com- 
pletely shut  off.  Four  sets  of  gas  samples  and  temperature  meas- 
urements were  taken,  the  last  one  being  taken  at  3.05  p.  m.,  at  which 
time  the  entire  fuel  bed  was  dark;  apparently  the  fire  was  out.  The 
composition  of  the  gas  samples  and  the  temperature  measurements 
are  shown  graphically  by  the  lower  group  of  curves  in  figure  18. 

TEST   97,    METALLURGICAL   COKE,    18-INCH    COKE     BED    COVERED   WITH    2-INCH   LAYER    OF 

BITUMINOUS    SLACK. 

The  fire  was  built  with  coke  to  a  thickness  of  18  inches.  At  9.14 
a.  m.  the  fuel  bed  was  covered  with  a  layer  of  bituminous  slack  and 
the  air  supply  through  the  grate  was  completely  shut  off.     Gas  sam- 
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pies  and  temperature  measurements  were  taken  at  9.20  a.  m.,  11.15 
a.  ni.,  1.10  p.m.,  and  3.10  p.m.  At  4.30  p.  m.  the  fuel  bed  was  still  red 
hot.  Next  day  at  11.25  a.  m.,  26  hours  after  the  air  was  shut  off, 
the  fuel  bed  was  still  hot  and  when  air  was  admitted  through  the 
grate,  all  the  fuel  was  brought  to  red  heat  in  35  minutes.  The  anal- 
yses of  the  gas  samples  and  the  temperature  measurements  are  shown 
graphically  by  the  upper  group  of  curves  in  figure  19  (p.  48). 

TEST   98,    METALLURGICAL   COKE,    1S-INCH   COKE     BED    COVERED    WITH    2-INCH    LAYER    OF 

ASHES. 

The  fire  was  built  to  18  inches.  At  9.36  a.  m.  the  air  supply 
through  the  grate  was  shut  olT  and  the  fuel  bed  covered  with  a 
2-inch  layer  of  fine  dry  ash.  At  3  p.  m.  the  fuel  9  inches  from  the 
grate  glowed  slightly;  all  the  rest  of  the  fuel  bed  was  black.  At 
4.45  p.  m.  air  was  again  supplied  through  the  grate,  but  the  fire 
would  not  start.  Four  sets  of  gas  samples  and  temperatures  were 
taken  at  9.50  a.  m.,  1.  24  p.  m.,  2.58  p.  m.,  and  4.30  p.  m.  The  anal- 
yses and  the  temperature  measurements  are  shown  graphically  by 
the  lower  group  of  curves  in  figure  19. 

TEST  97-A,   METALLURGICAL  COKE,   18-INCH  COKE    BED  COVERED  WITH  2-INCH  LAYER   OP 

BITUMINOUS    SLACK. 

This  test  was  a  check  on  test  97.  The  object  was  to  determine 
whether  an  18-inch  bed  of  coke  covered  with  a  2-inch  layer  of  bitu- 
minous slack  would  remain  burning  when  the  air  supply  through  the 
grate  was  completely  shut  off  and  the  fuel  bed  was  not  disturbed  by 
gas  samplers  as  in  test  97.  The  fire  was  started  at  10.30  a.  m.  and 
built  to  18  inches.  At  11.20  the  fuel  bed  was  covered  with  a  2-inch 
layer  of  bituminous  slack  and  the  air  supply  through  the  grate  was 
completely  shut  off.  No  gas  samples  and  temperature  measure- 
ments were  taken.  At  3  p.  m.  smoke  was  issuing  from  the  top  of 
the  fuel  bed.  At  4.30  p.  m.  the  smoking  stopped.  At  9.40  p.  m.  the 
fire  was  completely  out  and  the  fuel  bed  was  cold.  The  bituminous 
slack  coal  was  caked  where  it  came  in  contact  with  the  hot  coke, 
but  at  the  surface  it  was  not  changed  appreciably. 

TEST   97-C,    METALLURGICAL   COKE,    12-INCH   FUEL    BED    WITH    NO    COVERING. 

The  object  of  this  test  was  to  determine  whether  a  coke  fire  will 
remain  burning  when  air  is  admitted  beneath  the  grate  through  only 
a  1-inch  circular  hole  and  with  very  low  natural  draft.  The  fire  was 
started  with  wood  shavings  and  coke  by  the  use  of  forced  draft.  At 
10.30  a.  m.  the  forced  draft  was  shut  off  and  air  under  natural  draft 
allowed  to  enter  through  the  1-inch  orifice,  all  other  openings  being 
closed.  The  pressure  drop  through  the  orifice  was  about  0.01  inch 
of  water  measured  with  an  incline  gage.     No  gas  samples  were  t  aken 
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during  this  test.  After  24  hours  the  forced  draft  was  put  on  again 
and  flames  appeared  at  the  surface  of  the  fuel  bed  in  6  minutes, 
showing  that  the  fire  kept  burning  with  the  small  air  supply  through 
the  grate. 

GENERAL    DISCUSSION    OF    RESULTS    OF   TESTS. 

Most  of  the  results  of  this  group  of  tests  are  shown  graphically  in 
figures  17,  18,  and  19. 


12       0        3        6        9      12       0       3 
DISTANCE  FROM  GRATE,  INCHES 

Figure  17.— Effect  of  shutting  off  completely  the  air  supply  through  grate  on  the  composition  of  gases 
in  12-inch  fuel  beds.  The  figures  in  hours  and  minutes  represent  the  time  that  elapsed  between  shut- 
ting off  air  and  taking  samples. 

In  none  of  the  three  tests  made  with  a  12-inch  fuel  bed  of  Pitts- 
burgh coal,  anthracite  coal,  and  metallurgical  coke — tests  86,  88,  and 
89  (p.  43  and  fig.  17)— did  the  fire  last  five  hours,  although  with  Pitts- 
burgh coal  it  lasted  much  longer  than  with  coke.  The  composition 
of  gases  as  given  in  figure  17  indicates  that  cooling  of  the  fire  was 
mostly  from  the  top  and  the  fuel  bed  of  coke  cooled  the  most  quickly. 

In  the  three  tests  with  similar  fuels  and  a  fuel  bed  18  inches  thick- 
tests  100,  99,  and  96  (p.  44  and  fig.  18)— the  Pittsburgh  coal  remained 
burning  more  than  24  hours  and  the  anthracite  coal  9  hours,  indi- 
cating that  both  coals  would  keep  fire  over  night.     The  coke  fire 


TESTS    OF    GROUP   3. 


47 


lasted  less  than  3  hours,  proving  that  it  is  impossible  to  keep  fire 
over  night  with  coke  when  the  air  through  the  grate  is  completely 
shut  off. 

It  was  thought  that  if  the  fuel  bed  of  coke  were  covered  with  a  layer 
of  bituminous  slack  rapid  cooling  could  be  prevented  and   the  fire 
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might  be  kept  overnight.     Such  a  test  (No.  97)  is  described  on  page  45 
and  illustrated  in  figure  19.     The  fire  kept  more  than  24  hours. 

Test  98  (p.  45  and  fig.  19),  which  was  run  with  a  layer  of  ashes 
covering  the  fuel  bed,  in  order  to  determine  whether  preventing  of 
the  fire  from  cooling  or  the  sifting  of  the  bituminous  slaek  into  tho 
fuel  bed  kept  the  fire  burning.  The  fire  went  out  in  about  three 
hours,  showing  that  prevention  of  cooling  will  not  preserve  the  fire. 
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were  the  same  as  in  test  97.  The  fire  apparently  went  out  in  about 
six  hours,  showing  that  the  disturbance  of  the  fuel  bed  and  the  infiltra- 
tion of  air  brought  about  by  the  sampling  of  gases  were  important 
factors  in  keeping  the  fire  going  in  test  97.  The  same  is  true  of  all 
the  tests  in  which  samples  of  gas  were  taken. 

The  effect  of  a  small  air  supply  through  the  fuel  bed  is  shown  by 
test  97-c.  In  this  test  a  very  small  quantity  of  air  was  introduced 
through  the  grate.  Although  the  bed  was  only  12  inches  thick  and 
had  no  covering,  the  fire  was  easily  kept  for  more  than  24  hours. 

It  is  safe  to  state,  therefore,  that  with  the  air  supply  through  the 
grate  completely  shut  off  it  is  practically  impossible  to  keep  fire 
overnight.  A  small  supply  of  air  through  the  grate  will  help  greatly 
to  keep  the  fire  going  without  burning  the  fuel  out  entirely,  even 
when  metallurgical  coke  is  used  as  fuel.  It  should  be  remembered 
that  in  commercial  house-heating  apparatus  it  is  practically  impossi- 
ble to  shut  off  the  air  supply  through  the  grate  completely,  because  the 
ash-pit  door,  with  its  damper  shutters  and  other  accessories,  never  fits 
tightly,  so  that  there  may  easily  be  an  opening  equivalent  to  a 
circular  hole  1  inch  in  diameter  and  enough  air  may  enter  the  ash 
pit  to  keep  up  slow  combustion.  If  there  is  trouble  from  the  bed 
burning  out  overnight  when  the  ash-pit  doors  are  closed,  it  is  evident 
that  an  undue  amount  of  air  leakage  under  the  grate  is  responsible. 
This  shows  the  necessity  of  providing  an  air-tight  ash-pit  connection 
with  the  floor  and  the  first  section  of  the  boiler  and  tight-fitting 
ash-pit  doors  so  that  the  air  can  be  controlled  as  desired. 

CONCLUSIONS. 

The  conclusions  from  all  three  groups  of  tests  have  been  given  on 
pages  9  to  1 1  and  need  not  be  repeated  here. 
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